Although short-rotation woody crop biomass production technology has demonstrated a promising potential to supply feedstocks for bioenergy production, the water and nutrient processes in the woody crop planation ecosystem are poorly understood. In this study, a computer model was developed to estimate the dynamics of water and nitrogen (N) species (e.g., NH 4 -N, NO 3 -N, particulate organic N, and soluble organic N [SON]) in a woody crop plantation using STELLA (Structural Thinking and Experiential Learning Laboratory with Animation) software. A scenario was performed to estimate diurnal and monthly water and N variations of a 1-ha mature cottonwood plantation over a 1-yr simulation period. A typical monthly variation pattern was found for soil water evaporation, leaf water transpiration, and root water uptake, with an increase from winter to summer and a decrease from summer to the following winter. Simulations further revealed that the rate of soil water evaporation was one order of magnitude lower than that of leaf water transpiration. In most cases, the relative monthly water loss rates could be expressed as evapotranspiration > root uptake > percolation > runoff. Leaching of NO 3 -N and SON depended not only on soil N content but also on rainfall rate and duration. Leaching of NO 3 -N from the cottonwood plantation was about two times higher than that of SON. The relative monthly rate of N leaching was NO 3 -N > SON > NH 4 -N. This study suggests that the STELLA model developed is a useful tool for estimating water and N dynamics from a woody crop plantation.
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A STELLA Model to Estimate Water and Nitrogen Dynamics in a Short-Rotation Woody Crop Plantation Ying Ouyang,* Jiaen Zhang, Theodor D. Leininger, and Brent R. Frey I n recognition of the potential depletion of fossil fuels within the next several decades and in view of current concerns of elevated carbon dioxide on climate change and other environmental consequences due to the consumption of fossil fuels, the development of renewable energy sources is necessary, and numerous efforts have been devoted to identifying alternatives to fossil fuel sources during the last decade (McKendry, 2002; Galbe and Zacchi, 2002; Berndes et al., 2003) . Biomass, the most common form of renewable energy, is biological material derived from algae, agronomic crops, grasses, trees, and municipal waste. Biomass has the potential to become a major global energy source in the next century (Hall, 1997; Kartha and Larson, 2000; Gelfand et al., 2013) . Increasing future demand for biomass is likely to include the use of fast-growing hardwoods produced in short-rotation woody cropping systems (Zalesny et al., 2011) .
Woody crops can yield energy through the conversion of their biomass into solid, liquid, or gaseous fuels for industrial, commercial, and domestic use. It has been reported that biomass provides about 11% of the world's primary energy supply, and about 55% of the four billion m 3 of wood consumed annually by the world's population in developing countries is used directly as fuel wood or charcoal to meet daily energy needs for heating and cooking (IEA Bioenergy, 2002) . Over the past several decades, short-rotation (3-15 yr) techniques and tree improvement methods have been applied to species such as poplar (Populus spp.), willow (Salix spp.), and eucalyptus species (Eucalyptus globulus) to identify clones selected for their rapid growth, tolerance to pests, and suitability to site conditions to improve biomass production. Poplars have been extensively studied in short-rotation woody biomass production systems (Dickmann et al., 2001; Coleman and Stanturf, 2006; Zalesny et al., 2007) . Willow has been selected as an alternative agricultural woody crop grown under short-rotation intensive culture in the northeastern, northcentral, and mid-Atlantic regions of the United States (Volk et al., 1999) . Eastern cottonwood is a fast-growing poplar and one of the largest native North American hardwoods (Kline and Coleman, 2010) . Eucalyptus is among the fastest growing hardwood plantation species throughout the world that can also develop high wood density and thus is being studied for use in large-scale bioenergy production in the southern United States (Gonzalez et al., 2011; Stanturf et al., 2013) . Eucalyptus species can accumulate as much as 40 metric tons of dry matter per hectare per year on a wide range of sites in subtropical locations (Sachs et al., 1980) . Several simulation models, such as BIOMASS (McMurtrie et al., 1990) , FOREST-BGC (BioGeochemical Cycles) (Running and Coughlan, 1988) , and 3-PG (Physiological Principles for Predicting Growth) (Landsberg and Waring, 1997) , have been developed to predict biomass production of forests associated with water and nutrient uptake. McMurtrie et al. (1990) developed the processed-based BIOMASS model to describe canopy net assimilation, biomass production, and water use of forest stands in relation to weather, tree nutrition, canopy architecture, soil physical characteristics, and physiological variables. BIOMASS has been used to model growth and production in Montery pine (Pinus radiata D. Don) and Eucalyptus spp. and was able to predict water use and carbon assimilation of stands. However, N dynamics were not included in the model. Running and Coughlan (1988) developed and applied the FOREST-BGC model to simulate the annual hydrologic balance and net primary production of a hypothetical forest stand in seven contrasting environments. Landsberg and Waring (1997) developed the 3-PG model to simulate forest productivity by calculating radiant energy absorbed by forest canopies and converting it into biomass production. The 3-PG model has been used to predict environmental limitations on growth and final yield of Sitka spruce [Picea sitchensis (Bong.) Carrière] stands (Waring, 2000) . These models are research tools and have improved our understanding of forest biomass production. However, they are very complicated and require vast amounts of input data, thereby rendering them impractical for wide use by field-based managers and practitioners (Tharakan et al., 2000) . These models do not include soil water and N dynamics, which are highly coupled with woody crop biomass production. Lee and Jose (2005) applied the LEACHM (Leaching Estimation And CHemistry Model) (Hutson, 2003) to simulate water movement and NO 3 -N fate in the vadose zone of a shortrotation tree plantation. The simulations provide some useful insights on water and NO 3 -N dynamics. The one-dimensional LEACHM tool only estimates water movement and chemical leaching in the unsaturated soil with a daily time step. Surficial processes, such as surface water and fertilizer runoff and tree interactions (e.g., water and nutrient upward movement in the xylem system), are not included. Additionally, the model requires the input of many soil physical properties, such as bulk density, particle size distribution, and water retention characteristics. Because of its daily time step and because it lacks a tree component, LEACHM is unable to simulate the diurnal variations of leaf water transpiration. For estimating diurnal cycles of soil water evaporation, root water uptake, and leaf water transpiration, the hourly time step is required.
In spite of the fact that short-rotation woody crop production technology has demonstrated significant potential for providing feedstocks for bioenergy production, the water and nutrient dynamics associated with possible adverse environmental impacts from short-rotation plantation ecosystems are poorly understood. A more complete knowledge of these processes and of the possible impacts is essential to effective application of this technology. Water movement and the fate and transport of N species in the short-rotation biomass plantation ecosystem are complex processes and are difficult to quantify by field experimentation, due to the variety of short-rotation tree species, for different soil and hydrological conditions and for all possible combinations of surficial driving forces. A need exists to develop a simple yet realistic tool to address the aforementioned issues.
The goal of this study was to develop a STELLA modeling tool to estimate soil water and N species dynamics in a shortrotation woody crop biomass production plantation. The specific objectives of this study were (i) to develop a model component for water dynamics, including surface runoff, rainfall/irrigation, evaporation, percolation, and water uptake by roots on its upward movement from roots through stems to leaves by transpiration; (ii) to develop a model component for soil N dynamics, including mineralization, nitrification, denitrification, sorption, leaching, volatilization, uptake, and fertilizer application; (iii) to calibrate and validate the resulting model using existing experimental data reported by Lee and Jose (2005); and (iv) to apply the calibrated model to estimate water use and N species in the simulated shortrotation biomass plantation ecosystem.
Materials and Methods

Model Development
A schematic diagram illustrating the processes involved in water and N dynamics in a short-rotation woody crop biomass production plantation ecosystem, which created the basis for STELLA model development, is shown in Fig. 1 . The modeled domain used in this study was 1 ha to a soil depth of 120 cm (Fig. 1C) (Lee and Jose, 2005) . Detailed model development approaches are presented below.
Soil Water and N Dynamics
Soil water dynamics involve runoff, percolation, rainfall/ irrigation, and evaporation (Fig. 1A) . The surface water runoff (cm 3 h -1
) is estimated using the following equation (USDA-SCS, 1972; Mullins et al., 1993) :
where RI is the rainfall and/or irrigation rate (cm 3 h -1
), and S is the watershed retention parameter, which is estimated by:
where CN is the runoff curve number. Curve numbers are a function of soil type, soil physical properties, crop type, and management practices. Surface water runoff occurs only when the rainfall and/or irrigation rate exceeds the infiltration capacity of a soil and surface water ponding occurs. If (RI -0.2S) in Eq.
[2] is negative, the runoff is 0 (USDA-SCS, 1972). Surface water runoff rates can also be measured directly. The soil water percolation rate is estimated by the following equation (Mullins et al., 1993) :
where Q is the percolation rate (cm 3 h
), q is the volumetric water content (cm
), and f c is the field water capacity (cm
). Percolation occurs only when the soil water content is greater than field capacity. Evaporation from soil can be estimated by the PenmanMonteith, Preiestley-Taylor equation or by evaporation pan methods (Allen et al., 1989; Abtew and Obeysekera, 1995; Abtew, 1996) . Rainfall data can be obtained from local weather stations (Abtew, 1996) , whereas irrigation rates are site specific.
Soil N was partitioned into four state variables in this study: particulate organic N (PON), soluble organic N (SON), NH 4 -N, NH 3 -N, and NO 3 -N ( and only occasionally accumulate in soils and drainage waters (Alexander, 1977; Van Cleemput and Samater, 1995) . It was assumed that NO 2 -N in the soil from the plantation used in this study is trivial (i.e., all NO 2 -N has been converted to NO 3 -N or transformed to N 2 ) (Van Cleemput and Samater, 1995) .
The rate of N fertilizer applied to a specific plantation is normally measured during operations. Leaching of N species (i.e., SON, NH 4 -N, and NO 3 -N) through the soil can be obtained by
where L is the leaching rate of the N species (mg h -1
), Q is the water percolation rate in the soil (cm 3 h -1
), C is the concentration of the N species (mg cm -3 ), and j denotes the jth N species. The water percolation rate (Q) can be obtained from Eq. [3] .
The processes for mineralization, nitrification, denitrification, sorption, leaching, volatilization, uptake, and enzymatic hydrolysis of N can be described by the first-order rate kinetics as (Ouyang et al., 2010) :
where S is the storage (mg), t is the time (h), and k is the firstorder rate constant (h
). All of the first-order kinetics were incorporated into the STELLA model.
Tree Water Movement and N Uptake
A tree is more complicated geometrically, physiologically, and biologically than the soils of the vadose zone and root zone. Although it is relatively easy to represent water and N transport in the vadose zone, it is extremely difficult to represent transport and fate of water and N in trees using the same concept.
In this study, a STELLA model was developed that separated a generic tree into three compartments of similar structure and function (i.e., the root, stem, and leaf regions) (Fig. 1B) . Each compartment should be considered as a transport unit. Compartments were chosen to account for important processes, including water movement from the soil to the atmosphere through the roots, stems, and leaves.
The rate of root water uptake in the soil is primarily controlled by leaf water transpiration. Nobel (1982) stated that about 99% of water taken by roots is used for transpiration and that the remaining 1% is used for tree growth. The uptake of soil water by roots is slightly greater than the loss of tree water due to leaf transpiration. Leaf water transpiration into the surrounding atmosphere depends on tree species, is site specific, and can be estimated by empirical equations (Table 1) .
Assuming there is enough soil water available for tree growth, the rate of soil water uptake by roots can be given as: ). The rate of N uptake by roots from the soil near the root zone is characterized using the following equation (Ouyang, 2008) : where R is the rate of NO 3 -N and NH 4 -N uptake (mg h -1
), C soil is the soil NO 3 -N and NH 4 -N concentration (mg L -1 ), and d the reflection coefficient that measures the metabolic requirement of N to cross into the root compartment. The value for d varies from tree species to species and will be obtained through calibrations and verified through model validations.
STELLA Model Construction
STELLA is a modeling software package for building a simulating system by creating a pictorial diagram of a model and then assigning the appropriate values and mathematical functions to the system. The major features of STELLA consist of the following four tools: (i) stocks, which are the state variables for storages, act as the sinks (flow in) and sources (flow out) for matter; (ii) flows, which are the exchange variables that control the arrival or the exchanges of information between the state variables; (iii) converters, which are auxiliary variables, can be represented by constant values or by values dependent on other variables, curves, or functions of various categories; and (iv) connectors, which connect among modeling features, variables, and elements. STELLA has been widely used in the biological, ecological, and environmental sciences (Hannon and Ruth, 1994; Peterson and Richmond, 1996; Costanza et al., 2002; Aassine and El Jai, 2002; Ouyang, 2008; Ouyang et al., 2012a Ouyang et al., , 2012b . A complete description of the STELLA package can be found in Isee Systems (2014).
The first step in STELLA model development is to build a basic structure to capture the processes described in the equations presented above. For instance, the soil water percolation (Eq. [3]) can be translated as shown in Fig. 2 . The rectangle is the stock and graphically represents the volume of water stored in the soil. The flow symbol (represented by double lines with arrows and switches) represents the rate that water percolates deeper into the soil profile or out of the stock. The other variables are converters (represented by empty circles) that denote the water content, field capacity, and drainage coefficient. These converters are linked together through connectors (represented by single lines with arrows). The second step is to assign the initial values for stocks as well as equations and input values for flows and converters. With the STELLA model diagram created, the model equations will be generated (Fig. 2B) . Figure 3 demonstrates the entire STELLA model developed for water and N species dynamics in the short-rotation woody crop plantation.
Results and Discussion
Model Calibration and Validation
Before applying the STELLA model for estimating water and N dynamics in a woody crop plantation, the model needs to be calibrated using one set of observed representative field data and validated using another independent set of observed representative field data. Model calibration involves obtaining the best fit between the observed data and simulated results by adjusting model input parameter values (Ouyang, 2008) . In this study, we attempted to calibrate the model using experimental data reported by Jose (2005, 2006) . These authors studied soil organic N mineralization and NO 3 -N leaching in the 7-yr-old cottonwood and loblolly pine plantations grown in a well-drained Redbay sandy loam (a fine-loamy, siliceous, thermic Rhodic Paleudult) in northwest Florida. The mean annual temperature was 19°C, and the mean annual rainfall was 1700 mm. This sandy loam soil was irrigated 2 h d -1 at a rate of 0.3 cm h -1 during the growing season. The NO 3 -N fertilizer was applied through a drip irrigation system 0, 56, 112, and 224 kg N ha -1 per year from June to October. Soil water samples were collected monthly using tension lysimeters installed at 30-and 120-cm soil depths for analyzing NO 3 -N and NH 4 -N. In our modeling study, we used data for the cottonwood plantation from the treatment with 56 kg N ha -1 yr -1
. Table 1 lists all of the input parameter values used for model calibration. These input parameter values were obtained from the experimental measurements by Jose (2005, 2006) and others (Table  1) or from empirical and theoretical calculations.
To reduce the uncertainties of the model predictions, only two input parameters-the reflection coefficients (d) in Eq. [7] and the drainage coefficient (a) in Eq.
[3]-were used for model calibration. The calibration was accomplished by adjusting the values of the reflection and drainage coefficients to match soil water drainage rates and adjusting NO 3 -N concentrations from model predictions to match those from experimental measurements Jose (2005, 2006) . Comparisons of the observed and predicted soil drainage and NO 3 -N concentration are shown in Fig. 4A and 4B, respectively. The regression equation of the predicted soil drainage against its corresponding measured soil drainage was Y Prediction = 0.81X Measurement (R 2 = 0.76; p = 0.0001). The regression equation of the predicted soil NO 3 -N concentration against its corresponding measured soil NO 3 -N concentration was Y Prediction = 0.98X Measurement (R 2 = 0.93; p = 1.47E-07). These values represent reasonably good correlations between the model predictions and the experimental measurements. Visual comparisons of the predicted and observed drainage and NO 3 -N concentration as a function of time are shown in Fig. 5 ; these comparisons demonstrated a close goodness-of-fit graphically.
Model validation is performed to obtain the best fit between the observed data and simulated results without adjusting any input parameter values. In this study, we attempted to validate the drainage and NO 3 -N components of the model using an independent set of the experimental data reported by Lee and Jose (2005) . More specifically, the drainage and NO 3 -N concentration data for model calibration were collected at 120 cm depth, and the drainage and NO 3 -N concentration data for model validation were gathered at 30 cm depth. Comparisons of the measured and predicted drainage and NO 3 -N concentration are shown in Fig. 4C and 4D. With R 2 = 0.95 and p = 0.0008 for drainage and R 2 = 0.93 and p = 1.24E-07 for NO 3 -N concentration, we concluded that very good agreements were obtained between the model predictions and the experimental measurements during the model validation.
Model Application
A simulation scenario was performed to gain a better understanding of water and N dynamics in a cottonwood plantation. This scenario investigated (i) diurnal soil water evaporation, leaf water transpiration, and root water uptake in the soil-cottonwood ecosystem; (ii) monthly runoff and percolation of water and monthly leaching of SON and NO 3 -N in response to rainfall, irrigation, and fertilization; and (iii) monthly uptake of NH 4 -N and NO 3 -N by cottonwood and variation of NO 3 -N in the soil. A mature (7-yr old) cottonwood plantation with an area of 1 ha and a soil depth of 120 cm was selected as the modeled domain (Fig. 1B) , which was similar to the cottonwood treatment at a fertilizer application rate of 56 kg N ha -1 yr -1
, as reported by Jose (2005, 2006) . A 1-yr simulation period was chosen for this scenario, which started at 12:00 AM on 1 January and ended on 31 December. The input parameter values used for this scenario are provided in Table 1 .
Diurnal Water Dynamics
Daily variations of soil water evaporation, leaf water transpiration, and root water uptake over a 1-wk (168 h) simulation period are shown in Fig. 6 . This figure demonstrates a characteristic diurnal water variation pattern that increased during the day and decreased at night. The diurnal variations of soil water evaporation occurred because of the daily cycle of soil temperature variation, which normally warms during the day and cools at night. The evaporation rate from midnight to 6:00 AM (early morning) was near 0 as a result of cool temperatures. From 6:00 AM to 6:00 PM (sunlight), a large difference in evaporation rate developed due to warm temperatures. For instance, the minimum evaporation rate during the night for the third daily cycle (from 48 to 72 h) was about 0 cm 3 h -1 ha -1
, whereas the maximum evaporation rate during the day for the same daily cycle was 169,300 cm 3 h -1 ha -1 (Fig. 6A) . Finally, from 6:00 PM (sunset) to 12:00 AM, the evaporation rate decreased to the same level as that from 12:00 AM to 6:00 AM. Starting from the first daily cycle, the evaporation rate increased diurnally during a 1-wk (168-h) simulation period (Fig. 6A ). This occurred because soil water evaporation is a seasonal phenomenon and is controlled primarily by soil temperature, which increases from winter to summer and decreases from summer to the following winter. As the soil temperature varies, the soil water evaporation changes accordingly. The empirical equation used to calculate soil water evaporation is given in Table 1 and is formulated based on the data reported by Lee and Jose (2005) .
Changes in leaf water transpiration indicated a typical diurnal behavior: an increase during the day followed by a decrease during the night (Fig. 6B) . The transpiration rate from 12:00 AM to 6:00 AM was close to 0.0 as a result of leaf stomata being closed at night. From 6:00 AM to 6:00 PM, a dramatic increase in transpiration rate occurred because leaf stomata are open for transpiration during the day. From 6:00 PM to 12:00 AM, the transpiration rate decreased to the same level as that from 0 to 6 h. The maximum transpiration rate during the day for the third daily cycle (from 48 to 72 h) was 3,195,500 cm 3 h -1 ha -1 (Fig.  6B ). This rate was within the range in January reported by Lee and Jose (2005) . Analogous to the case of soil water evaporation, leaf water transpiration increased throughout the week. For example, the maximum transpiration rate was 2,521,200 cm 3 h -1 ha -1 for the first daily cycle but was 4,044,078 cm 3 h -1 ha -1 for the sixth daily cycle. The latter was about 62% higher than the former. This was consistent with the 54% increase reported by Lee and Jose (2005) . A similar daily variation pattern was obtained for root water uptake (Fig. 6C) . The uptake rate increased from morning to early afternoon and decreased from early afternoon to midnight each day. This daily variation pattern was driven by diurnal leaf water transpiration and was calculated with Eq. [6]. As described in Materials and Methods, the water uptake rate in the soil is primarily controlled by leaf water transpiration. Based on Eq.
[6], the uptake of soil water by roots is only slightly higher than the transpiration rate.
Comparison of the rates among soil water evaporation, leaf water transpiration, and root water uptake indicates that the rate of soil water evaporation was one order of magnitude lower than those of leaf water transpiration and root water uptake (Fig. 6) . For example, the rate of soil water evaporation was 274,500 cm 3 h -1 ha -1 for the sixth daily cycle, whereas the rate of leaf water transpiration was 4,524,500 cm 3 h -1 ha -1 for the same daily cycle. The latter was 16 times higher than the former. This finding was similar to that reported by Jose (2005, 2006) for the same plantation. Our results revealed that the transpiration of cottonwood leaves played an important role in the daily water cycle. It should be noted that the rates of soil water evaporation and leaf water transpiration are site-specific and vary with plantation locations, soil types, hydrological conditions, and tree species.
Monthly Water Dynamics
Monthly variations of rainfall/irrigation, surface water runoff, soil water percolation, evapotranspiration (ET), and root water uptake over a 1-yr simulation period are shown in Fig. 7 . The rainfall/irrigation data in the figure were the model inputs and were presented for comparison purposes; other data in the figure were the model simulations. There were two major peaks for surface water runoff during the 1-yr simulation, one occurring in March and the other in August (Fig. 7B) . These peaks occurred because of two very intensive rainfalls during those 2 mo (Fig.  7A ). Surface water runoff occurs when the rainfall and/or irrigation rate exceeds the infiltration capacity of a soil. In this study, the irrigation rate was very small (0.3 cm h -1
) and of short duration (2 h) each day during the growing season (Fig. 7A) , and thus surface water runoff was not affected by irrigation.
Two high-percolation periods were observed during the 1-yr simulation. Analogous to the case of surface water runoff, one high-percolation period was near March, and the other occurred during summer (Fig. 7C) . The magnitude and duration of the two high-percolation periods corresponded well with rainfall amounts. The maximum percolation rate during August was 36,401,000 cm 3 h -1 ha -1
. Soil percolation occurred when the soil water content was greater than its field capacity and was highly driven by rainfall and irrigation. Figure 7D shows the ET rate over a 1-yr simulation period from soil and cottonwoods. This rate had a monthly and seasonal variation pattern. In general, the rate was lower (38,320,788 cm 3 h -1 ha -1 ) in early January and higher (517,721,988 cm 3 h -1 ha -1 ) in early August. The rate was also related to the duration of rainfall. That is, the ET rate decreased during rainfall primarily due to the cessation of leaf water transpiration during rain events. A similar monthly and seasonal variation pattern was obtained for root water uptake. Root water uptake is mainly controlled by leaf water transpiration. In other words, changes in ET rate were consistent with changes in uptake rate. A comparison of monthly water loss rates among ET, root uptake, percolation, and runoff is shown in Fig. 8A . In most cases, the relative water loss rates within each month occurred in the following order: evapotranspiration > root uptake > percolation > runoff. The ET rate was the sum of the evaporation rate and the transpiration rate. Overall, the rates of monthly water losses were higher during summer and occurred because of the higher ET rate in this season as result of higher soil and air temperatures.
Soil N Dynamics
Variations in soil NO 3 -N and SON leaching and NO 3 -N concentration along with rainfall/irrigation over a 1-yr simulation period are shown in Fig. 9 . The initial soil NO 3 -N and NH 4 -N concentrations were very low at 0.45 and 0.22 mg L -1 , respectively. Application of N fertilizer (56 kg N ha -1 yr -1 ) started in June and ended in October (Lee and Jose, 2005) . Leaching of NO 3 -N deeper into the soil profile was trivial from January to May because of low NO 3 -N content in the soil water (Fig. 9B) . Starting in June after N fertilizer application, a dramatic increase in NO 3 -N leaching occurred, with a maximum of 90 g h -1 ha -1 . This value was within the range measured in field experiments by Lee and Jose (2005) . Figure 8 further reveals that variations in NO 3 -N leaching depended not only on soil NO 3 -N content but also on rainfall rate and duration. The maximum NO 3 -N leaching (Fig. 9B ) occurred when the rainfall rate was high in August (Fig. 9A) . No NO 3 -N leaching was observed when there was no rain in early October even though the soil NO 3 -N content was high (Fig. 9D ). In addition, the variation pattern in NO 3 -N leaching (Fig. 9B) was very similar to that of soil water percolation (Fig.  6C) when the soil NO 3 -N content was detectable. This took place because soil percolation was an immediate driving force for NO 3 -N leaching. A similar variation pattern was observed for SON leaching (Fig. 9C) , although its leaching rate was lower than that of NO 3 -N. For example, the maximum leaching rate was about 90 g h -1 ha -1 for NO 3 -N but was about 42 g h -1 ha -1
for SON. The former was about 2.1 times larger than the latter. We attributed the discrepancy to the mineralization of SON into NH 4 -N and the subsequent nitrification of NH 4 -N into NO 3 -N (Fig. 3B) . Concentration of soil NO 3 -N had a different variation pattern (Fig. 9D) as compared with the rates of NO 3 -N and SON leaching. After fertilization, the concentration of soil NO 3 -N increased continuously and reached its maximum at about 13 mg L -1 in mid-October when there were no soil NO 3 -N and SON leaching. Soil NO 3 -N concentration depended on its supply (e.g., fertilization and nitrification) and its method of depletion (e.g., leaching, denitrification, and root uptake) (Fig.  3B) . In other words, soil NO 3 -N concentration was governed not only by soil water percolation but also by the aforementioned factors, which affected the variation patterns. When fertilization stopped, the concentration of soil NO 3 -N started to decrease, approaching zero by the end of December.
A comparison of monthly leaching rates among NO 3 -N, SON, and NH 4 -N is shown in Fig. 8B . The monthly relative N leaching rates occurred in the following order: NO 3 -N > SON > NH 4 -N. The mechanisms of sorption, volatilization, and nitrification of NH 4 -N in the soil are the major reasons for low contents of dissolved NH 4 -N, thereby causing a low NH 4 -N leaching rate, whereas the mineralization of SON into NH 4 -N followed by the nitrification of NH 4 -N into NO 3 -N resulted in a high NO 3 -N leaching rate. No N leaching occurred from January to May or in December because the soil solution N concentrations were not detectable during those months.
Summary
In this study, a model of soil water and N dynamics within a short-rotation woody crop plantation was developed using STELLA software. The model was calibrated and validated with reasonable agreement between the model predictions and the measured values reported by Jose (2005, 2006) . A simulation scenario was performed to estimate the diurnal and monthly water and N dynamics from a cottonwood plantation. Although the model was applied to the cottonwood species in this study, it was developed, in general, for any short-rotation woody crops.
A characteristic diurnal variation pattern was observed for soil water evaporation, leaf water transpiration, and root water uptake, with increases from sunrise to early afternoon followed by decreases from early afternoon to sunset. A typical seasonal variation pattern also was found for soil water evaporation, leaf water transpiration, and root water uptake, with increases from winter to summer and decreases from summer to the following winter. Comparison of the rates among soil water evaporation, leaf water transpiration, and root water uptake indicates that the rate of soil water evaporation was one order of magnitude lower than those of leaf water transpiration and root water uptake.
Surface water runoff and soil water percolation were controlled by rainfall rate and duration. In most cases, the relative monthly water loss rates occurred in the following order: ET > root uptake > percolation > runoff. Overall, the rates of monthly water losses were higher during summer as expected.
Variations in NO 3 -N and SON leaching depended on soil N contents and on rainfall rate and duration. Leaching of soil NO 3 -N from the cottonwood plantation was 2.1 times higher than that of soil SON. The relative monthly N leaching rates occurred in the following order: NO 3 -N > SON > NH 4 -N. Sorption, volatilization, and nitrification of NH 4 -N in the soil are the major reasons for the low concentrations of dissolved NH 4 -N, which caused a low NH 4 -N leaching rate, whereas the mineralization of SON into NH 4 -N, followed by the nitrification of NH 4 -N into NO 3 -N, resulted in a higher NO 3 -N leaching rate.
The STELLA model developed in this study was proven to be a useful tool for estimating soil water and N dynamics in the short-rotation woody crop plantations. Knowledge of water use efficiency as well as N fate and transport in plantation systems is crucial to producers and water resource managers, particularly with regards to possible adverse environmental impacts on water quantity and quality when applying short-rotation woody crop biomass production techniques.
The STELLA model was developed to estimate the water and N dynamic processes in a mature woody crop plantation crop but not in a developing woody crop plantation. Therefore, further study is warranted to add a model component for estimating biomass production in the growing woody crop plantations for a comprehensive understanding of the application of the shortrotation woody crop biomass production technique along with its possible adverse environmental impacts.
